We examined the effects of electrical stimu lation of a restricted area of the dorsal medullary reticular formation (DMRF) on regional cerebral blood flow (CBF) in anesthetized (by chloralose), paralyzed (by curare) rats. CBP was measured in tissue samples by the Kety prin ciple, with 14C-iodoantipyrine as indicator. Stimulation of DMRF elicited a widespread, significant increase in CBP in 12 of 13 areas. The increase in flow was greatest in cerebral cortex, up to 240% of control. However, it was also substantially increased in selected regions of telen cephalon, diencephalon, mesencephalon, and lower brainstem, but not cerebellum. In contrast, electrical
It has been believed for many years that the brainstem may control cerebral circulation. The ev idence has been derived largely from studies that have assessed the effects on cerebral blood flow (CBF) of locally altering neuronal activity by focal electrical stimulation (Reis, 1979) . Such studies have demonstrated that modification of brainstem func tion may, in fact, alter CBF, thereby suggesting that the CNS can regulate its own circulation through intrinsic neuronal systems.
These investigations, however, left two issues un resolved. First, since CBF was measured either across the entire brain (Langfitt and Kassell, 1968; Meyer et aI., 1969 Meyer et aI., , 1971 Lang and Zimmer, 1974) or only qualitatively estimated from restricted brain regions, usually cerebral cortex (lngvar, 1958; Molnar and Szanto, 1964; Vern et aI., 1981; Reis et aI., 1982) , they did not establish whether the evoked changes in flow were localized or global. Second, stimulation of the midline (interstitial nucleus of the me dial longitudinal fasciculus) I mm medial to the DMRF did not change CBF. The increase in CBP evoked by DMRF stimulation persisted after transection of the spinal cord at CI or cervical sympathetic trunk. We conclude that excitation of neurons originating in or passing through the DMRF can elicit a potent and virtually global increase of CBF. The effect appears to be mediated by intrinsic pathways of the central nervous system. Key Words: Electroencephalograph (EEG)-Regional cerebral blood flow-Neurogenic vasodilatation-Reticular formation.
in almost all studies, stimulating electrodes were placed at sites broadly designated as being within the mesencephalic or medullary "reticular forma tion, " without attention to subregional localization (e.g., lngvar, 1958; Molnar and Szanto, 1964; Lang and Zimmer, 1974; Baldy-Mouliniere, 1975; Vern et aI., 1981) . However, since these regions are ana tomically and functionally highly specialized (Un gerstedt, 1971; Bjorklund and Lindvall, 1977) , it is desirable to provide a detailed and systematic anal ysis of the anatomical pathways through which electrical stimulation alters CBF. Such information is important when one considers the possibility that the brainstem contains multiple systems which may independently or coordinately regulate CBF and metabolism (Reis et aI., 1982) .
Our laboratory has recently undertaken a series of investigations into the role of specific systems of the brainstem and cerebellum in regulating regional CBF (rCBF). We have observed, by measuring CBF with a hydrogen clearance technique over the pa rietal cortex, that electrical stimulation of a re stricted region of the medulla oblongata in rabbit can increase CBF (Reis et aI., 1982) . The stimulated region plays a critical role in the control of systemic arterial pressure (Reis et aI., 1982) and lies at the junction of the parvocellular and gigantocellular re ticular nuclei and the dorsal medulla oblongata Kumada et aI., 1979) . It will be referred to, for convenience, as the dorsal med ullary reticular formation (DMRF). The region ap pears to play a critical role in mediating the cardio vascular responses to cerebral ischemia (the cere bral ischemic response) and distortion (the Cushing reflex) (see Reis et al., 1979) .
By measuring CBF in homogenates of brain re gions with the 14C-iodoantipyrine (lAP) technique (Ohno et al., 1979) , we sought to determine whether, under carefully controlled conditions, electrical stimulation of DMRF will also increase rCBF in rats, and if so, whether the effect is restricted only to cerebral cortex, and whether the response is me diated by intrinsic pathways in the brain. Prelimi nary reports of portions of this study have been made (ladecola et aI., 1981, 1982) .
METHODS
The methods for preparation and maintenance of ani mals, for electrical stimulation of brain, and for measure ment of CBF have been described in detail elsewhere (Nakai et aI., 1982) , and will only be summarized here.
General surgical procedures
Studies were undertaken in 48 male Sprague-Dawley rats weighing 280-360 g, which were maintained in a ther mally controlled (37°C), light-cycled (0700 on, 1900 oft) environment, and fed laboratory chow ad libitum. Ani mals were anesthetized with a-chloralose (40-60 mg/kg, s.c.), after induction with halothane (0.5-2% in 100% O2) blown over the nose. Thin-wall vinyl (outer diameter, 0.5 mm) and polyethylene (outer diameter, 1.3 mm) catheters were placed in each femoral artery and vein, respectively, and the trachea was cannulated. One of the arterial cath eters was connected to a Statham P23Db transducer for continuous monitoring of systemic arterial pressure and heart rate with a chart recorder by conventional methods.
The animals were placed on a stereotaxic frame, and the head positioned so that the floor of the fourth ven tricle was horizontal. The animals were paralyzed with d-tubocurarine at an initial dose of 0.5 mg/kg i.m., sup plemented with 0.2 mg/kg every hour, and artificially ven tilated by a rodent respirator (Harvard Apparatus Co.) with 100% oxygen. Throughout the experiment, body temperature was maintained within 37-38°C by a ther mostatically controlled infrared lamp connected to a rectal probe. At the completion of surgery, blood (0.3 m!) was withdrawn from the arterial catheter for determination of P02, PC02, and pH by a blood gas analyzer (Corning, model 165).
Electrical stimulation of the DMRF
The brain was stimulated through monopolar (cathodal) electrodes, with negative square-wave pulses delivered through a stimulus isolation unit from a constant current pulse generator. The anode was a silver/silver chloride electrode inserted subcutaneously in the back. Electrodes were fabricated from 70% platinum/30% iridium wire (150 f.Lm diameter), and were insulated with Epoxilite, except for the bare tip. In some experiments, the stimulating electrodes were fabricated from Te flon-coated stainless steel wires (150 f.Lm diameter), with only the cut surface exposed. The stimulus current was measured by passing its output across a IO-ohm resistor and displaying it on a cathode ray oscilloscope.
Histological confirmation of electrode sites
In some experiments, the stimulus site was marked by passage of a 30-f.LA DC current for 40 s. These animals were perfused through the heart with a solution of 10% formaldehyde and 1 % potassium ferri-and ferrocyanide to identify the electrode site by the Prussian blue reac tion. The brain was then removed, fixed with 10% for maldehyde, sectioned, and stained by the Nissl method. In the remainder of the studies, however, the brain was removed and dissected for analysis of CBF; hence, his tological localization of the electrode was not possible.
Measurement of CBF
CBF was measured by Kety's principle (Kety, 195 1) , with lAP as a freely diffusible and inert indicator (Saku rada et aI., 1978) . Tissue concentrations of lAP were ob tained by the tissue-sampling technique of Ohno et al. (1979) . The brain:blood partition coefficient of lAP was set at 0.8 (Sakurada et aI., 1978) .
Determination of th e arterial concentration-time curve of lAP. 4-(N-methyl-14C)-lodoantipyrine in ethanol (Amersham Corp.; specific activity, 40-60 mCilmmol) was dissolved in � 1 ml normal saline after elimination of ethanol. Prior to infusion, animals received 500 U heparin i.v. (A-H Robins). The indicator was infused (5 f.LCi/IOO g body weight) at a constant rate for � 30 s through one of the femoral venous catheters by an infusion pump (Harvard Apparatus Model 940). Simultaneously, �50 f.LI arterial blood was sampled every 2-5 s through the fem oral arterial catheter to obtain the arterial concentration time curve of lAP. The sampling catheter was made as short as possible (total length, 5 cm), so that the "smearing effect" on the concentration-time curve could be consid ered to be negligible. The collection of the blood samples was timed by the investigator speaking into a tape re corder and indicating the start of the infusion and the exact moment at which the blood samples were taken (the number of samples was usually 10). After the experiment, the tape was played back to establish the exact timing of collection of blood samples, as well as the time of death.
Aliquots (20-40 f.L!) of arterial blood were transferred to scintillation vials filled with 1 ml tissue solubilizer (Pro tosol®-ethanol solution; New England Nuclear). Blood was incubated at 60°C and decolorized with 30% hy drogen peroxide. The scintillation vials were then filled with 15 ml of Biofluor® (New England Nuclear). Radio activity was measured with a liquid scintillation spectro photometer (Packard, Tr i-Carb) and corrected to dpm (nCi), with 14C-toluene (New England Nuclear; 4. 1 x 105 dpm/m!) as an internal standard.
Measurement of tissue concentration of lAP. The tech niques for dissection of brain and treatment of tissue were identical to those described in other publications from this laboratory (Nakai et aI., 1982 (Nakai et aI., , 1983 . In brief, the circulation was stopped before the end of infusion of lAP by inducing instantaneous cardiac arrest by administra tion of a bolus of saturated KCI (1 ml, i.v.). The moment of cardiac arrest appeared on the polygraph trace and was also identified on the tape recorder. The brain was rapidly removed from the skull, placed on a cool glass plate, and bisected, and paired samples were taken from 13 regions. These regions were the medulla; cerebellum; pons; infe rior and superior colliculi; whole hypothalamus; thal amus; hippocampus; caudate nucleus; frontal, occipital, and parietal cortices; and the white matter of the corpus callosum. The sequence of dissection of the samples was the same in all animals, and the dissection was completed within 10-15 min of the time of removal of the brain from the skull. The tissue weights were highly reproducible from side to side and between animals. After solubiliza tion of the tissue by Protosol, 10 ml scintillation solution (Econofluor®; New England Nuclear) was added and the samples counted.
Calculation of CBF. As described in detail elsewhere (Nakai et aI., 1982) , CBF (m1l100 g x min) was calculated by using Kety's integral (Kety, 1951) .
To increase the resolution of the method at high flow rates, we restricted the period of the infusion of the in dicator to 30 s (Eklof et aI., 1974; Nakai et aI., 1982) . With a 30-s rather than 60-s infusion period (Sakurada et aI., 1978; Ohno et aI., 1979) , CBF measurement is more sensitive to inaccuracies in the determination of the exact time of the blood sample collection, as well as to the time when the circulation is stopped. By employing a tape recorder, we could reduce such errors, although not below the "reaction time" of the operator (-300 ms). However, any inaccuracies in the resolution of the arterial concen tration-time curve of lAP and/or killing time are system atic, i.e., occurring both in controls and in experimental subjects.
Experimental procedures
Measurement of CBF with stimulation of DMRF or adjacent brainstem sites. One hour after completion of surgery, stereotaxic 0 was set at the calamus scriptorius, identified under a dissecting microscope. A stimulating electrode was then lowered through the cerebellum into the DMRF, to localize the most sensitive sites from which stimulation could elicit a maximal elevation of arterial blood pressure, which was then used for measurement of CBF. The electrode was inserted vertically into the cer ebellum, 3 mm rostral and 1 mm lateral to stereotaxic O. The electrode was lowered to horizontal 0, which corre sponded approximately to the dorsum of the brainstem. From this point, the stimulating electrode was lowered in 0.5-mm steps. At each step, the brain was stimulated. The exploratory stimuli consisted of an 8-s train of pulses de livered at a frequency of 50 Hz, with a pulse duration of 0.5 ms, and stimulus current of 5-20 /1A. An active site was defined as one from which electrical stimulation elic ited elevations of arterial pressure (usually 10 mm Hg) and bradycardia. The electrode was then left in place at the active site.
Care was taken during exploration that the elevations of arterial pressure never exceeded 140 mm Hg, which was well within the autoregulated range of CBF in rat (Hernandez et aI., 1978) . This was important, since abrupt elevations of arterial pressure (above the range autoreg ulated either by electrical stimulation of brain or by in fusion of pressor agents) (Kontos et aI., 1978) can result, as a consequence of mechanical distortion, in passive va sodilatation, and thereby produce artifactual increases in CBF (Iadecola et aI., unpublished observations) .
Blood gases were then carefully adjusted. The arterial Pea2 was maintained within normocapnic range (34-38 mm Hg) by adjusting the stroke volume of the ventilator. To offset the atelectasis and hypoxia invariably associated with paralysis and artificial ventilation in the rat (Nathan and Reis, 1975) , and to compensate for any loss of ox ygen-carrying capacity as a consequence of the controlled hemorrhage and sampling of arterial blood (Haggendal et aI., 1966; Nakai et aI., 1982) , arterial Pa2 was maintained by ventilation with 100% O2. As a consequence, arterial Pa2 was high and scattered (Table 1) . However, hyperoxia is not a significant variable in studies of CBF (Reivich, 1968) .
Once a steady state of blood gases was achieved, DMRF stimulation commenced. The DMRF was stimulated with an intermittent stimulus train (1 s on/I s off; 50 Hz). During the first 3-5 min, the intensity of the stimulus was grad ually increased to reach five times the threshold current, i.e., the current which just elicited an elevation of arterial pressure (usually 5-10 /1A). Coincidentally, the evoked rise of arterial pressure was gradually reduced by slow, controlled withdrawal of blood to a total of 3-4 mI. In this manner, by controlled hemorrhage, arterial pressure never rose during stimulation to over 150 mm Hg. After the initial period of adjustment of the stimulus intensity, DMRF stimulation was continued for 7-10 min. During this phase, arterial pressure remained stable, with a max imal variation of ± 10%. At the end of this phase, blood gases were again measured, and the infusion of lAP was begun. During the 30-s period of infusion of IAP (i.e., the To control for anatomical specificity of the electrical stimulus, the midline at the level of the DMRF (interstitial nucleus of the medial longitudinal fasciculus) was stim ulated in another group of animals, and CBF was mea sured. The technique for preparation of the animals was as above. Since stimulation at this site did not elevate arterial pressure, placement was guided by stereotaxic coordinates and consequently verified histologically. The stimulus intensity was arbitrarily set in these experiments at 100 /LA.
Sp ina/ cord transection. CBF was measured after tran section of the spinal cord in four rats without and in six with DMRF stimulation. In the stimulated group, the electrode was placed in DMRF by methods described above, just before cord transection. After removing the atlas, -0. 1 ml 2% procaine was injected into the cord at about the C 1 spinal segment, to prevent the marked tran sient increase in arterial pressure produced during spinal surgery (Nakai et aI., 1982) . The spinal cord then was transected at the first cervical segment (Cl) with micro scissors. A small segment of cord, just caudal to the le sion, was removed by aspiration to ensure completion of the transection. To compensate for the profound hypo tension resulting from cord transection, arterial pressure was maintained at -120 mm Hg by the continuous infu sion of phenylephrine (1-4 /Lg/min) with an infusion pump (Sage 255-1). CBF was measured at least I h after com pletion of spinal surgery by methods described above.
Cervical preganglionic sympathectomy. In six rats, the left cervical sympathetic trunk was exposed through a midline incision in the neck and acutely transected just proximal to the superior cervical ganglion. The effect of DMRF stimulation on rCBF was measured at least I h later.
EEG
The electroencephalograph (EEG) was recorded be tween pairs of stainless steel screws separated by 3 mm and inserted through the skull to lie on the dura. The pairs of screws were placed over the fr ontal cortex at the level of the bregma and over the occipital cortex at the level of the lambdoid suture. Recording was bipolar between each screw of a particular pair; the ground was a metal clip applied to the scalp. The EEG signal was fed into an AC amplifier (Grass Model 7P5 1l) and displayed on a polygraph.
Statistical analysis
Multiple comparisons were analyzed for statistical sig nificance by Bonferroni's t test (Miller, 1966) . Two-group comparisons were evaluated with Student's unpaired t test. Side-to-side comparisons were analyzed by means of Student's paired t test. Regional differences in the ce rebrovascular reactivity to DMRF stimulation were eval uated by a one-way analysis of variance and the Neuman Keuls test.
RESULTS

Anatomical localization and electrophysiological characterization of the pressor response
Electrical stimulation of DMRF, as in cats (Doba and Reis, 1972) and rabbits (Dampney et aI., 1979) , elicited a rise in arterial pressure and bradycardia (Fig. lA) . The most sensitive sites were anatomi cally restricted to the border zone between the nu clei parvocellularis and gigantocellularis dorsalis (Fig. lB) .
The relationship between frequency and intensity of the stimulus and magnitude of the pressor re sponse was studied in nine rats. When stimulus fre quency was varied at a stimulus intensity of 50 f..l A (Fig. IC) , the response appeared at 2 Hz, was al most maximal at 50 Hz, and reached a maximum between 100 and 300 Hz.
When current intensity was varied at a stimulus frequency of 50 Hz (Fig. ID) , the pressor response appeared with a stimulus current near 10 f..l A, and increased in proportion to the magnitude of the stimulus intensity. Ninety percent of the maximal response was achieved (mean arterial pressure ele vation was � 70 mm Hg) with stimulus currents be tween 50 and 100 f..l A (Fig. ID) . Thus, by stimu lating at 50 Hz with a stimulus intensity set at five times the threshold, a pressor response close to the maximum could be elicited in all animals. Further more, by carefully controlling stimulus frequency and normalizing stimulus intensities to multiples of threshold current, it was possible to achieve a very narrow variance between animals with respect to effects of stimulation on arterial pressure.
Effects of DMRF stimulation on reBF rCBF was measured in six rats during DMRF stimulation and compared with that in six operated, nonstimulated controls ( Fig. 2; Table 2 ). To control for the anatomical specificity of the stimulus and for any effect on CBF of the withdrawal of blood required to maintain arterial pressure during stim ulation (see Methods), two additional groups of an imals were studied. In the first, CBF was measured during electrical stimulation at a site I mm medial to DMRF within the interstitial nucleus of the me dial longitudinal fasciculus (Fig. lB) . In the second group, 3 ml blood was removed and CBF was mea sured (Table 2) . Neither blood gases nor arterial pressure varied between the control and experi mental groups (Table 1) .
In unstimulated controls, the values of rCBF, par ticularly in the cerebral cortex, were somewhat lower than those reported in conscious, partially restrained rats (Sakurada et aI., 1978; Ohno et aI., 1979) , but were similar to those measured with the lAP technique in anesthetized, paralyzed, and arti ficiall y ventilated animals (Abdul-Rahman et al., 1979; Horton et aI., 1980) . Differences in CBF between the right and left side of the brain were negligible, ranging from 6.5 ml/min x 100 g in the superior colliculus to 0.3 mllmin x 100 g in the cerebellum. .. , ...
D.
"' I C. IADECOLA ET AL. CST, pyramidal tract. C and D: Relation ship between stimulus frequency (C) or stimulus current (D) and rise of mean ar terial pressure during electrical stimula tion of the DMRF in anesthetized, para lyzed rats. Stimulus frequency curves were constructed with stimUli five times the threshold and a 10-s train. Stimulus in tensity curves were constructed with stimuli of 50 Hz and a 10-s train. Note that the maximal response occurs at stimulus frequency between 50 and 100 Hz (C), and at a current intensity of -100 f.LA (D).
Such interhemispheric differences in CBF were not statistically significant (p > 0. 05, paired t test). Therefore, for each structure analyzed, right and left flow values were pooled (Table 2) .
Electrical stimulation of DMRF increased CBF in 12 of 13 areas ( Table 2 ). The greatest increases were seen throughout the cerebral cortex, where CBF increased up to 2.4-fold (Fig. 2) Values are means ± SEM; CBF is expressed in mllmin x 100 g.
increases were seen also in the thalamus, hypo thalamus, and in the white matter of the corpus cal losum. In only one region, the cerebellum, did flow not change. The cortical responses were signifi cantly greater than those observed in other brain regions (p < 0.05; Neuman-Keuls test).' With one exception, the increases in flow were bilateral and symmetrical, not differing between stimulated and unstimulated sides ( Table 2 ). The only region with asymmetric changes in CBF was the medulla, the brain region in which the stimulating electrode was placed. Here blood flow during DMRF stimulation was significantly higher in the stimu lated (144 ± 9 mll100 g x min) than in the unstim ulated (133 ± 8 mll100 g x min; p < 0.05, paired t test) side. The unilateral increase of flow was probably secondary to local effects of the stimulus, since focal electrical stimulation causes an increase in metabolism concentrated around the electrode tip (Iadecola and Reis, unpublished observations) .
The changes in CBF produced by DMRF stimu lation were anatomically specific. Stimulation of the midline immediately adjacent to the DMRF (Fig.  lB) in interstitial nucleus of the medial longitudinal fasciculus in six rats did not alter CBF in 12 of 13 regions, with the exception of cerebellum, in which flow was reduced (Table 2) .
1 Of interest was the incidental observation that, if additional chloralose was given to the animal (25% of the initial dose), the cerebrovascular reactivity to DMRF stimulation was reduced. The reduction was particularly marked in the cerebral cortex ( -37% in parietal cortex; p < 0.005, n = 6), thalamus ( -23%, p < 0.05, n = 6), caudate-putamen ( -24%; p < 0.005, n = 6).
However, this group of animals was not included in this study.
The effects of DMRF stimulation on CBF could not be attributed to the withdrawal of blood nec essary to maintain arterial pressure within the au toregulated range. In five animals, removal of 3 ml arterial blood, although significantly reducing the hematocrit (pre-exsanguination 47 ± 1%; post exsanguination 44 ± 1%; p < 0.025, paired t test), did not change rCBF, except in cerebellum, where a small, but nevertheless significant decrease in flow was observed.
Effects of spinal cord transection
To determine whether the changes in CBF pro duced by DMRF stimulation depended on excita tion of the autonomic nervous system, spinal cord was transected at C 1 in six rats prior to stimulating DMRF. Four rats, in which only spinal cord was transected, were controls. In all animals with spinal cord transected, arterial pressure was maintained in the autoregulated range by infusion of phenyleph rine (Table 1) .
Spinal cord transection abolished the stimulus locked effects of DMRF stimulation on arterial pressure, but did not alter resting CBF (Table 2) . After cord transection, DMRF stimulation in creased CBF in 10 of 13 regions (Table 2) , although in general the responses were slightly less than those in animals with intact spinal cord. The greatest in creases in CBF were still throughout the cerebral cortex. In contrast to intact animals, flow did not change significantly in cerebellum, inferior collic ulus, and hypothalamus. The slight reduction of the increase of CBF produced by DMRF stimulation after spinal cord transection might be secondary to the cerebrovascular vasoconstriction produced by the infusion of phenylephrine (Edvinsson et al., 1979) , which was necessary to maintain arterial pressure in the auto regulated range.
Effects of cervical sympathectomy
The effect of unilateral stimulation of the DMRF on CBF was studied in six animals in which the ipsilateral cervical sympathetic trunk was tran sected (Fig. 3) . In these experiments, the brain was divided into right and left halves, and side-to-side differences in rCBF were evaluated.
After the transection of the left cervical sympa thetic trunk, DMRF stimulation increased CBF bi laterally in all the brain regions except cerebellum. However, in the frontal cortex, parietal cortex, and caudate nucleus, the increase in CBF was slightly but significantly higher in the denervated side (Fig.  3) . These findings indicate that substances released from sympathetic nerves do not produce cerebro vascular vasodilatation, but that some sympathetic excitation occurs which partially opposes the va sodilatation, an effect similar in direction but of lesser magnitude than that seen with DMRF stim ulation in rabbit .
Effect of DMRF stimulation on EEG
In six rats, stimulating electrodes were placed through active sites in the DMRF and stimulated with an 8-s train at 50 Hz at 50-75 fLA. Stimulus parameters were comparable to those used in CBF studies. After assessing the effects on EEG, the electrodes were then lowered several millimeters to lie within the ventral portion of the gigantocellular nucleus (Fig. 4) . All electrode sites were localized histologically.
Electrical stimulation within the nucleus parvo cellularis did not induce any changes in the EEG (Fig. 4) . In contrast, in the same animals, placement of the electrode more ventrally in the gigantocel- lular nucleus pars ventralis elicited the well known electrographic arousal pattern of low voltage-fast electrical activity (Fig. 4) . Thus, DMRF stimula tion, although increasing cortical CBF up to 240% of control, does not elicit activation of the EEG.
DISCUSSION
The present study has demonstrated that elec trical stimulation of DMRF in rat, as in other spe cies (Doba and Reis, 1972; Dampney et aI., 1979) , elevates arterial pressure and slows the heart. The pressor response is time-locked to the stimulus, graded with respect to stimulus intensity, maximal with higher stimulus frequencies, and anatomically restricted to a zone surrounding the nucleus par vocellularis. That the spinal cord transection at C 1 completely abolishes the systemic cardiovascular response confirms findings in rabbits that the pressor response is primarily mediated by excitation of pre ganglionic sympathetic nerves .
We discovered that in addition to an action on the systemic circulation, electrical stimulation of DMRF markedly increases rCBF. The increases in rCBF produced by electrical stimulation of DMRF cannot be attributed to effects of the stimulation on blood gases or arterial pressure, since in control and ex perimental animals, blood gases were comparable and arterial pressure was well within the autoreg ulated range of rat CBF (Hernandez et aI., 1978) . Furthermore, the changes in rCBF cannot be attrib uted to a global metabolic activation secondary to spread of stimulus, since electrical stimulation at an adjacent site in the brainstem failed to alter CBF. The increase in CBF also does not appear to be locked to activation of the EEG, since electrical stimulation of DMRF, although producing profound changes in cortical CBF, failed to produce any ac-
FIG. 3. Effect of DMRF stimulation on CBF
(ml/100 g x min) after acute transection of the left sympathetic trunk in anesthetized, paralyzed rats. The brain was di vided into right and left halves, and rCBF was determined on 13 paired tissue sam ples, Note that the CBF increases during DMRF stimulation persist both in inner vated and denervated sides, However, in frontal and parietal cortex and in the cau date nucleus, the magnitude of the in crease is slightly greater on the dener vated side (p < 0.05; paired t test), The same phenomenon is seen in the medulla where, however, the right-left CBF differ ence is also present in intact animals (see text). Abbreviations as in Fig. 2 . tized, paralyzed rats (n = 6). Shaded areas represent the sites stimulated. Note that electrical stimulation within the nucleus parvocellularis (NPvc), from which the in creases in CBF were obtained (cf. Fig. 1 B) , does not induce activation of the EEG. However, in the same animals, stimulation with the same stimulus parameters of sites included in the nucleus gigantocellularis ventralis (NGCv) elicits the electrocortical arousal reaction. STN, spinal trigeminal nucleus; other abbreviations as in Fig. 1 .
Stimulation sites
EI ectroencepha logra m tivation of cortical electrical activity. Nonreactivity of EEG could not be attributed to experimental con ditions, since placement of electrodes at sites ven tral to the DMRF in the nucleus gigantocellularis ventralis elicited, in confirmation of earlier studies of Moruzzi and Magoun (1949) , active EEG desyn chronization. Thus, in agreement with others (Molnar and Szanto, 1964; Langfitt and Kassell, 1968; Lang and Zimmer, 1974; Vern et aI., 1981) , there appears to be no tight correspondence be tween increases in cortical CBF by brainstem stim ulation and EEG activation. Increases in CBF by DMRF stimulation are sub stantial and are reflected bilaterally in all segments of brain from cortex to brainstem, including the white matter of the corpus callosum. Only cere bellum is unaffected. The distribution of increases in rCBF is not homogeneous, being more pro nounced rostrally in areas of the telencephalon (in cluding cerebral cortex and hippocampus) and the diencephalon (thalamus and hypothalamus) than in regions of lower brainstem. However, two features of the method used here to measure rCBF prevent a more precise analysis of regional changes in flow. First, measurements of CBF in dissected tissue samples cannot determine whether flow changes may be highly concentrated in small subregions, which are, however, diluted by regions in which flow is unchanged. Second, the postmortem diffu sion of lAP, from areas of high concentration into areas of lower concentration, may partially distort the true regional distribution of CBF (Lacombe et aI., 1980) . Thus, the increase in CBF in corpus cal losum could be partly the consequence of "smearing " of the tracer from the overlying cere bral cortex, in which CBF (i.e., lAP concentration) is higher. Indeed, postmortem diffusion could also explain the slightly higher resting CBF values in white matter, found in this and other studies em ploying lAP with tissue dissection (Ohno et a1., 1979; Ohata et aI. , 1981a,b; Nakai et aI., 1982) , when compared to the values of flow in white matter es tablished by using lAP and autoradiography (e.g., Sakurada et aI., 1978) , in which the postmortem diffusion of lAP is limited by the immediate freezing of the brain. Nevertheless, we have demonstrated autoradiographically that brain stimulation can in crease flow in white matter following electrical stimulation of the fastigial nucleus in rat (Nakai et aI., 1983) .
It seems likely, for several reasons, that the in crease in rCBF elicited by DMRF stimulation is the result of excitation of pathways intrinsic to the cen tral nervous system. First, the fact that the spinal cord transection at Cl did not abolish, but only slightly reduced, the increases in CBF produced by DMRF stimulation excludes the possibility that va soactive substances released from the periphery, such as renin (Richardson et aI., 1974) or vasoactive intestinal polypeptide (Fahrenkrug et aI., 1978) and adrenal medullary catecholamines, are responsible for the cerebral vasodilatation. Second, the persis tence of the response after blockade of nerve traffic through the superior cervical ganglion indicates that the response is not mediated by the sympathetic innervation of cerebral vessels (Edvinsson and Owman, 1977) . Third, although this study did not directly exclude the possibility that the vasodilata tion was mediated by the purported cholinergic va sodilator fibers carried in the greater superficial pe trosal branch of the seventh cranial nerve , it seems unlikely that this system mediates the effect. Increases in CBF produced by electrical stimulation of the petrosal nerve, when present (cf. Busija et aI., 1981) , usually are small and <25% in rat (Pinard et aI., 1979) , as in other species.
The intracerebral pathways that may mediate the widespread cerebrovascular dilatation evoked by electrical stimulation of the DMRF are unknown. Since neurons within the DMRF project directly only to vestibular and parabrachial complexes in pons (Nauta and Kuypers, 1958; Ruggiero et a!. , 1982) , superior colliculus in mesencephalon (Nauta and Kuypers, 1958) , and intralaminar and ventromedial thalamic nuclei (Nauta and Kuypers, 1958; Her kenham, 1979) , the increase in CBF must be me diated through second-order connections of the DMRF, at least in cerebral cortex. These could con ceivably be via the diffuse thalamo-cortico projec tion system arising from intralaminar thalamic nu clei (Herkenham, 1980) and/or by the multiple con nections of the pontine parabrachial complex (Saper and Loewy, 1980) . On the other hand, electrical stimulation may also activate fibers passing through the DMRF, including some within the central teg mental tract. However, since the ascending projec tions of the central tegmental tract at the level of the dorsal medulla do not reach the cerebral cortex directly, the effects of excitation of the fibers on cerebral cortex would be polysynapticaIIy me diated.
The present study has not addressed itself to the question of whether the increase in CBF elicited by DMRF stimulation is coupled to local changes in metabolism. In the past, it was widely assumed that increases in CBF produced by stimulation of the reticular formation were a consequence of an in crease in local brain metabolism (Reis, 1979) . How ever, these studies did not prove coupling at the local level, since metabolism was generally measured across the whole brain by assessment of arterio venous oxygen differences (Meyer et aI., 1969; Meyer et aI., 1971; Lang and Zimmer, 1974) . Con ceivably, changes in CBF and cerebral metabolism might be out of proportion in different brain re gions, even though the net change for whole brain could be proportional. We have recently demon strated, using autoradiographic procedures, that CBF and metabolism may be locally uncoupled by brain stimulation (Nakai et aI., 1983) . We found that stimulation of the cerebellar fastigial nucleus mark edly increased CBF in cerebral cortex, without si multaneously changing cortical glucose utilization. It will be necessary, in order to assess whether the increases in CBF produced by DMRF stimulation are coupled with metabolism, to determine both pa rameters by autoradiographic analysis. Indeed, pre liminary results suggest that, at least in cerebral cortex, increases of flow produced by DMRF stim ulation are closely coupled to metabolism (Iadecola et aI., 1982) .
In conclusion, the present study indicates that excitation of a highly localized area of the reticular formation of the medulla can profoundly and glob ally increase CBF. The effect appears to be me diated by excitation of intrinsic systems in the brain J Cereb Blood Flow Metabol, Vol. 3, No.3, 1983 which themselves are not related to the pathways that are required for activation of the EEG. The pathways from the DMRF, the mediators that me diate this effect on CBF, and their precise relation ship to local cerebral metabolism remain to be un raveled.
